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" Experimental design was modeled for caffeine degradation by photo-Fenton process.
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" Caffeine degradation did not generate toxic intermediates.a r t i c l e i n f o
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The degradation of caffeine in different kind of efﬂuents, via photo-Fenton process, was investigated in
lab-scale and in a solar pilot plant. The treatment conditions (caffeine, Fe2+ and H2O2 concentrations)
were deﬁned by experimental design. The optimized conditions for each variable, obtained using the
response factor (% mineralization), were: 52.0 mg L1 caffeine, 10.0 mg L1 Fe2+ and 42.0 mg L1 H2O2
(replaced in kinetic experiments). Under these conditions, in ultrapure water (UW), the caffeine concen-
tration reached the quantitation limit (0.76 mg L1) after 20 min, and 78% of mineralization was obtained
respectively after 120 min of reaction. Using the same conditions, the matrix inﬂuence (surface water –
SW and sewage treatment plant efﬂuent – STP) on caffeine degradation was also evaluated. The total
removal of caffeine in SW was reached at the same time in UW (after 20 min), while 40 min were nec-
essary in STP. Although lower mineralization rates were veriﬁed for high organic load, under the same
operational conditions, less H2O2 was necessary to mineralize the dissolved organic carbon as the initial
organic load increases. A high efﬁciency of the photo-Fenton process was also observed in caffeine deg-
radation by solar photocatalysis using a CPC reactor, as well as intermediates of low toxicity, demonstrat-
ing that photo-Fenton process can be a viable alternative for caffeine removal in wastewater.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Most of the consumed pharmaceutical compounds are partially
metabolized and excreted by humans and animals, and expelled
into wastewaters which are later treated in sewage treatment
plants (STPs). Among the pharmaceuticals, caffeine (CAF) is one
of the most consumed stimulating substances, being present in
foods, beverages and medicines. It has been also used as a chemical
marker for surface water pollution caused by domestic wastewa-
ter, since the human species almost exclusively consumes and ex-
cretes it regularly (Buerge et al., 2003).ll rights reserved.
x: +55 34 3239 4208.
ó).Monitoring of inﬂuent and efﬂuent in STP and in raw and drink-
ing water has shown that caffeine is one of the compounds present
in higher concentration (Ghisele, 2006). Caffeine has been found at
concentrations of respectively 294 and 1.3 lg L1 in inﬂuent and
efﬂuent of STP in Brazil, while concentrations of 1.1–106 and
0.22 lg L1 were found respectively in raw and drinking water
(Ghisele, 2006; Sodré et al., 2010).
Advanced oxidation processes (AOPs) have been studied as an
alternative for the treatment of urban (Klamerth et al., 2010a,b)
and industrial wastewater pre-treatment (Sirtori et al., 2009;
Zapata et al., 2010; Pintor et al., 2011) containing different types
of contaminants. The AOPs are known to promote the degradation
of organic compounds through the action of hydroxyl radicals (OH)
generated in the primary stages of these processes. Among the
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possibility of using solar energy as radiation source, signiﬁcantly
reducing the demand for energy. Other advantages are the use of
low to moderate concentrations of chemicals, which in favorable
situations can mineralize completely the organic constituents of
aqueous efﬂuents; the use of simple reactors and the possibility
of iron reuse.
Several oxidation processes have been evaluated for caffeine
degradation (Dalmázio et al., 2005; Broséus et al., 2009; Klamerth
et al., 2009; Rosal et al., 2009; Kim and Tanaka, 2010; Klamerth
et al., 2010a,b; Rodríguez-Gil et al., 2010). Klamerth et al. (2009)
applied the photo-Fenton process and heterogeneous photocataly-
sis using TiO2 to degrade caffeine in STP efﬂuent using a solar pilot
plant, concluding that the higher degradation rate was obtained
applying the photo-Fenton process. In a later study, the same
researchers have shown that the application of such process is an
alternative to tertiary treatment for a mixture of ﬁfteen emerging
contaminants, including caffeine, as strategy for removal of species
present in STP efﬂuents (Klamerth et al., 2010a). Although the
same authors have proposed conditions considered optimal for
degradation of caffeine, a detailed study aiming to evaluate simul-
taneously the operating parameters involved in the photo-Fenton
treatment, such as iron, hydrogen peroxide and caffeine concentra-
tion by mathematical models was not presented. In another study,
Rodríguez-Gil et al. (2010) evaluated the toxicity of a mixture of
compounds (caffeine, oﬂoxacin, salicylic acid, cotinine and nico-
tine) in river water matrix using fern spores, during their degrada-
tion, mediated by photo-Fenton process. They observed a decrease
in the toxicity of the mixture, but noted the permanence of a resid-
ual toxicity attributed to the presence of other toxic agents not
analyzed, probably of inorganic nature. On the other hand, a study
on the toxicity of caffeine and their intermediaries was not
presented.
Since that photo-Fenton treatment of wastewater are affected
by several parameters such as the temperature, concentration of
iron, hydrogen peroxide and target compound, in addition to the
pH of the reaction medium, the working conditions are speciﬁc
to each case and need therefore be carefully optimized.
The aim of this study is to apply experimental design to evalu-
ate the role (synergistic or antagonistic effects) of the three vari-
ables selected (CAF, Fe2+ and H2O2 concentrations) and to
optimize caffeine photodegradation in ultrapure water (UW). Also
assess, under optimized experimental conditions, the kinetic of
caffeine removal, dissolved organic carbon (DOC) and toxicity, fol-
lowed in experiments carried out in UW, not only in lab-scale, but
also using a pilot plant based in the use of solar radiation. Further-
more, since residues of caffeine were found in STP and surface
water (SW), we also evaluated the application of the photo-Fenton
process in lab-scale to degrade caffeine in these complex media,
comparing with results obtained in UW.2. Experimental
2.1. Reagents
The solutions were prepared using UW and analytical grade re-
agents. FeSO47H2O (Vetec) was used to prepare aqueous 0.25 M
iron stock solution. H2O2 (30% w/w), H2SO4, NaOH and Na2SO3
from Vetec were used as received. Ammonium metavanadate (Ve-
tec) solution was prepared at a concentration of 0.060 M in 0.36 M
H2SO4, being used for H2O2 quantiﬁcation. The caffeine used in
photodegradation experiments was purchased from Sigma–Aldrich
and used as received. HPLC grade methanol (Vetec) was used for
HPLC analyses.2.2. Efﬂuent from a sewage treatment plant and of surface water
In order to evaluate the application of photo-Fenton process and
matrix effects on caffeine removal, samples of SW and STP efﬂuent
were collected during spring 2011. The STP where the collection
was done serves about 5% of the population of Uberlândia
(185500800S; 481603700W), a city with more than 650000 inhabit-
ants. This plant is based on anaerobic treatment, followed by a ﬂo-
tation system. The sample of STP was collected after a complete
treatment. The samples of SW efﬂuent were collected directly of
a river whose water, after conventional treatment, is supplied to
the city of Uberlândia. Once collected, the samples were kept under
refrigeration, for a week at most, so that the experiments were per-
formed. The main parameters determined for both samples are
shown in Table 1.
2.3. Experimental design
2.3.1. Factorial design (FD)
The FD was used to investigate the inﬂuence of each variable on
the response factor. The percentage of mineralization of caffeine,
measured by DOC decay after 120 min of reaction in relation to
the initial DOC value, was chosen as response factor of the
photo-Fenton process. For this, a 2k factorial design (all possible
combinations of codiﬁed values +1 and 1), which in the case of
k = 3 variables consists of eight experiments, was done. All exper-
iments were performed in triplicate. The three variables were cod-
iﬁed in two levels: caffeine (5.0 and 50.0 mg L1), Fe2+ (0.6 and
14.5 mg L1) and H2O2 (34.0 and 680.0 mg L1). The ranges of the
variables were chosen according to previous studies (Trovó et al.,
2006, 2009; Trovó and Nogueira, 2011). Although caffeine concen-
tration is higher than the found in aqueous environment, it was
chosen to permit a reliable evaluation of reaction kinetics and
toxicity.
2.3.2. Central composite design (CCD)
The CCD was applied to optimize the concentration of caffeine,
Fe2+ and H2O2, as well as to evaluate the correlation among these
three variables. The same response factor deﬁned in FD was cho-
sen. Central composite design is a star type project that consists
of three series of experiments: (i) a 2k factorial design (all possible
combinations of codiﬁed values between +1.0 and 1.0) – for k = 3
variables, consists of eight experiments; (ii) axial or star points
(+1.7 and 1.7), and 0 for three variables (six experiments); and
(iii) replicates of the central point (0) (ﬁve experiments). Thus,
for this design, it was necessary to do nineteen experiments, in
which the three variables were codiﬁed in ﬁve levels, varying with-
in the following ranges: caffeine (33.2–66.8 mg L1), Fe2+ (8.6–
15.4 mg L1) and H2O2 (17.2–50.8 mg L1). The range of the vari-
ables was chosen after carried out the FD. For FD and CCD, the
equations used to quantitatively describe each system and draw
the response surface and contour plots were built using STATISTI-
CA 6.0. Statistical validation was obtained using the ANOVA test at
95% conﬁdence level.
2.4. Photodegradation procedures
2.4.1. Lab-scale experiments
The photodegradation experiments were performed in lab-scale
using a 400W high pressure mercury vapor lamp as irradiation
source. The photocatalytic reactor consists of an annular recipient
of borosilicate glass with a 1 cm optical path jacket through it cir-
culates the material to be degraded. The lamp was positioned at
the center of the reactor, as described and schematically presented
by Oliveira et al. (2012). The average dose of UVA radiation mea-
sured for the lamp is 1100 Wm2 (Machado et al., 2003), which
Fig. 1. Pareto chart obtained by factorial design (23), for caffeine mineralization in
UW after 120 min of photo-Fenton process at lab-scale.
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and 710 nm (Machado et al., 2008). The measurements were done
using a Solar Light PMA 2100 photometer/radiometer, equipped
with an UVA detector (320–400 nm) and a radiometric/photomet-
ric setup built with components furnished by Ocean Optics, Inc.
(Machado et al., 2008).
The irradiated volume of the reactor was 0.280 L and a total vol-
ume of 4 L of the caffeine solution was recirculated, by pumping at
a ﬂow rate of 2.14 L min1 after the addition of iron solution, pH
adjustment between 2.5 and 2.8 (the optimum pH range for the
Fenton reaction) and addition of H2O2. The lamp was only turned
on when the reactor was ﬁlled with solution. For FD and CCD de-
sign, aliquots (20 mL) of the photolyzed solutions were collected
after 120 min of reaction, while for the kinetic experiments, sam-
ples (70 mL) were collected at each 20 min intervals up to
120 min. The initial conditions used in FD and CCD design are de-
scribed in Sections 2.3.1 and 2.3.2.
The kinetic experiments with UW, SW and STP efﬂuent were
carried out under previously selected optimum conditions
(52.0 mg L1 caffeine, 10.0 mg L1 Fe2+ and 42.0 mg L1 H2O2). The
consumed H2O2 was replaced when necessary. After sampling
and before analysis, a calculated volume of 2.0 M Na2SO3 solution
was added to the samples, according to the stoichiometry between
H2O2 and Na2SO3, and H2O2 concentration, ensuring the removal of
the remaining H2O2, stopping the Fenton reaction, and the interfer-
ence of traces of H2O2 in toxicity assays. For these assays the pH
was adjusted in the range between 6 and 8 after adding the Na2SO3
solution. The solution temperature was controlled using a thermo-
static bath (Tecnal TE-184), keeping close to 25 ± 2 C.
2.4.2. Experiment in the pilot plant: use of solar radiation
The experiment using solar radiation was carried out during au-
tumn, under clear sky conditions, using a solar pilot plant. The so-
lar irradiance was measured using a radiometer (PMA 2100 Solar
Light Co.) in the UVA region (320–400 nm), with the sensor placed
at the same angle as that of the reactor, and an average solar irra-
diance of 49.7 ± 3.9 Wm2 was obtained. It consists of a compound
parabolic collector (CPC) with an irradiated surface of 1.62 m2
(irradiated volume: 12 L) and a reservoir with maximum capacity
of 120 L (Duarte et al., 2005; Machado et al., 2008). A volume of
50 L of the caffeine solution was recirculated under turbulent ﬂow
(33.3 L min1) into the CPC absorber tubes in a closed recirculating
system. The photoreactor hydraulic circuit consists of a continu-
ously stirred tank and a 0.50 HP centrifugal recirculation pump.
At the beginning of the experiment, with the collectors covered,
the same initial conditions deﬁned for the reagents in kinetic
experiments under lab-scale reactor were used. The cover was then
removed and samples were collected at intervals of 20 min up to
180 min. The same treatment using Na2SO3 solution, previously
described, was done to stop the Fenton reaction.
2.5. Chemical analyses
Before chemical analyses, the samples were ﬁltered through
membranes with pore diameter of 0.45 lm. Mineralization was
followed measuring the DOC decay using a TOC analyser (Shima-
dzu TOC-VCPH/CPN) equipped with an ASI-V auto sampler. Hydro-
gen peroxide was quantiﬁed spectrophotometrically using
ammonium metavanadate, as described by Nogueira et al. (2005).
The kinetic experiments were also carried out by HPLC analyses
aiming to evaluate the caffeine removal from UW, SW and STP
efﬂuent, as well as the toxicity for experiments using UW in lab-
scale and in the solar pilot plant. The caffeine removal was quanti-
ﬁed using a VWR-Hitachi L-2130 chromatograph equipped with a
Lychrispher C-18 column (5 lm, 250  4.6 mm) and an UV–Vis
detector (Merck-Hitachi L-4250) set at 273 nm. The retention timefor caffeine was between 8.6 and 8.8 min, with a quantitation limit
of 0.76 mg L1. In each assay, 20 lL of the sample was eluted using
a mixture of 30% methanol and 70% UW, at a ﬂow rate of
1 mL min1.
The toxicity assays were done evaluating the immobilization of
Artemia salina. The artemia were bred in an aqueous culture med-
ium whose salinity resembled the conditions for the survival and
development of these microcrustaceans. Test plates containing
ten A. salina crustaceans in the presence of 9.5 mL of the sample
solution and 0.5 mL of saline medium were incubated for 48 h at
20 C in the dark. No food was given to these crustaceans between
hatching and test steps. Acute toxicity was assessed by noting the
effects of the test-compounds on the mobility of A. salina. The crus-
taceans were considered immobile if after 48 h incubation they re-
mained at the bottom of the test container and did not start
swimming within 15 s of observation. Acute toxicity is expressed
as percentage of immobilization compared to a non-toxic control,
where an artemia immobilization of 10% is accepted after 48 h of
exposure.3. Results and discussion
3.1. Photo-Fenton experiments: experimental design
In order to apply efﬁciently AOPs to remove contaminants in
wastewater, the optimization of experimental conditions is crucial.
Firstly, a FD was applied to investigate the role (individual or com-
bined synergistic or antagonistic effects) of the three selected vari-
ables (caffeine, Fe2+ and H2O2 concentration), named in Pareto
chart as 1, 2 and 3, respectively, on the response functions and
set the trend of each variable as high (+1) or low (1). The Pareto
chart (Fig. 1), obtained for the results (Table 1 – Supplementary re-
sults) suggests that all variables plays as important role in
mineralization.
The analysis of Fig. 1 suggests that a higher mineralization of
caffeine is obtained when the levels of caffeine (50.0 mg L1) and
Fe2+ (14.5 mg L1) were kept elevated. On the other hand, a nega-
tive value was obtained for hydrogen peroxide, indicating that a
low level of H2O2 (34.0 mg L1) must be used to reduce the nega-
tive effect on caffeine mineralization. Although the 2:3 (Fe2+:H2O2)
interaction also plays a negative role on the percentage of mineral-
ization, there was no need to change any tendency of the main ef-
fects. This is due to the positive effects of the individual variables
caffeine and iron, and to the 1:3 (CAF:H2O2) synergistic interaction
(Fig. 1). This result agrees with a previous study in which was
Fig. 2. Response surface of quadratic models for caffeine mineralization in UW after
120 min of photo-Fenton reaction at lab-scale in the presence of 10.0 mg L1 Fe2+.
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in the degradation of 4-chlorophenol mediated by photo-Fenton
reaction (Trovó et al., 2006). On the other hand, for the two levels
evaluated for H2O2 (34.0 and 680.0 mg L1), the higher H2O2
concentration plays a negative role on the percentage of minerali-
zation. Detrimental effects were also observed when high H2O2
concentrations were employed in diclofenac degradation mediated
by photo-Fenton process, probably due to self-decomposition
(Eq. (1)) and scavenging of hydroxyl radicals by an excess of
H2O2 (Eq. (2)) (Trovó and Nogueira, 2011).
H2O2 þH2O2 ! 2H2Oþ O2 ð1Þ
H2O2 þHO ! H2OþHO2 ð2Þ
Considering that with a higher initial concentration of caffeine a
large amount of DOC is treated, the absolute DOC removal (mass of
carbon removed) is higher for the same percentage of mineraliza-
tion. So the mass of organic carbon removed was calculated in each
situation, which ranged from 0.0 to 10.4 mg C L1. The highest re-
moval (10.4 mg C L1) was achieved in experiments using
50.0 mg L1 of caffeine, 14.5 mg L1 of Fe2+ and 34.0 mg L1 of
H2O2 (Table 1 – Supplementary results), conﬁrming the results
suggested by the Pareto graphic analysis (Fig. 1).
After checking the effect of each variable, the next step was to
optimize the concentration of each variable for a maximum efﬁ-
ciency of photo-Fenton process. For this, a CCD was performed,
in which the three variables varied within the following ranges:
caffeine (33.2–66.8 mg L1), Fe2+ (8.6–15.4 mg L1) and H2O2
(17.2–50.8 mg L1). Eq. (3) was built based on the statistical anal-
ysis of the experimental data (Table 2 – Supplementary results).
ðDOC;%Þ ¼ 62:425þ 2:729½CAF  0:022½CAF2 þ 2:786½H2O2
 0:021½H2O22  0:016½CAF½H2O2 ð3Þ
In a previous analysis of the results obtained with CCD it was
observed that Fe2+ does not play a signiﬁcant role on the percent-
age of mineralization in the evaluated concentration range (8.6–
15.4 mg L1). So, based on these results and given that Brasilian
legislation limits the iron concentration for discharge of efﬂuents
in 15 mg L1 (0.27 mmol L1), our limit was ﬁxed in 10.0 mg L1.
The effect of each independent variable of the process should be
directly attributed to its coefﬁcients (Trovóet al., 2006). FromEq. (3),
the low negative quadratic coefﬁcient values for caffeine and H2O2,
and positive coefﬁcient values for caffeine andH2O2 suggest that the
mineralization is favored in the presence of high concentrations of
caffeine andH2O2. The overall effect can be observed in Fig. 2, which
shows the diagram that represents the polynomials (ﬁxing the con-
centration of Fe2+ at 10 mg L1) for the photo-Fenton reaction, built
upwith the results obtainedwith CCD (Table 2 – Supplementary re-
sults). These response surfaces (Fig. 2) described by Eq. (3), suggest
that higher percentages of mineralization can be obtained using
52.0 mg L1 caffeine, 10.0 mg L1 Fe2+ and 42.0 mg L1 H2O2.
An experiment was performed in order to check the optimized
values, predicted by the mathematical model. The theoretical re-
sult (65.0% mineralization), calculated using Eq. (3) and the opti-
mal concentrations of caffeine and H2O2, agree very well with
the experimental one (66.0% mineralization) using the same condi-
tions, even assuming a standard deviation of ±2.0% for mineraliza-
tion (value obtained from ﬁve replicates in the central point of
CCD). This demonstrates that the surface response methodology
can be useful as a tool to optimize the degradation of organic mat-
ter mediated by photo-Fenton process.
Control experiments were performed for an initial caffeine con-
centration equal to 52.0 mg L1, in the absence of Fe2+ and H2O2
(direct photolysis), in the absence of Fe2+ and presence of H2O2
(42.0 mg L1) and UV light (H2O2/UV), hydrolysis (at pH 2.5), andalso without UV light irradiation (dark Fenton experiment)
(10.0 mg L1 Fe2+ and 42.0 mg L1 H2O2). These assays were done
aiming to elucidate the role of Fe2+ and UV radiation on advanced
oxidation of aqueous solutions containing caffeine, and to assure
that the results found during the photocatalytic assays were con-
sistent and not due to hydrolysis, Fenton and/or direct photolysis.
In general, no appreciable mineralization was observed after
120 min in control experiments except in the Fenton reactions con-
ducted in the dark, where 13.5% of mineralization was reached
(data not shown). However, when compared with the result ob-
tained by photo-Fenton (66.0% of mineralization) (data not shown),
it is evident that an improvement in caffeine mineralization must
occur when the Fenton processes are combined with electromag-
netic radiation.
3.2. Application of the photo-Fenton process to caffeine degradation
under optimized condition in UW, SW and STP efﬂuent in lab-scale and
in solar pilot plant
The degradation of caffeine by photo-Fenton reactions in lab-
scale was evaluated in aqueous solutions of different qualities
(UW, SW and STP efﬂuents) to verify the matrix effects on caffeine
degradation (Fig. 3). In UW and SW, the caffeine concentration was
below the quantitation limit after 20 min of reaction, while for STP
efﬂuent 40 min were necessary, demonstrating that the sample
composition inﬂuences in caffeine removal (data not shown). Sim-
ilar behavior was also observed during the degradation of tetracy-
cline by photo-Fenton processes using black light irradiation
(Bautitz and Nogueira, 2007).
The lower efﬁciency of caffeine removal on STP efﬂuent can be
explained by the high concentrations of DOC and dissolved inor-
ganic carbon (DIC) (Table 1). The ﬁrst competes with caffeine by
hydroxyl radicals, while the second acts as hydroxyl radicals scav-
enger (Eqs. (4) and (5)) (Klamerth et al., 2010a; Trovó and Nogue-
ira, 2011). Even after pH reduction from 6.0 to 2.5 and magnetic
stirring during 30 min, a residual DIC of 8.7 mg L1 remained in
solution, which may have contributed to diminish the efﬁciency
of caffeine removal.
HO þHCO3 ! H2Oþ CO3 ð4Þ
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Fig. 3. Mineralization (solid symbols) and hydrogen peroxide consumption (open
symbols) proﬁle for photo-Fenton reactions, occurred in lab-scale for the STP, SW
and UW efﬂuents and for UW in a solar pilot plant. Initial conditions:
[CAF] = 52.0 mg L1; [Fe2+] = 10.0 mg L1; [H2O2] = 42.0 mg L1, replaced when nec-
essary; pH = 2.5.
Table 1
Main parameters determined in the samples of SW and STP efﬂuent.
Parameter SW STP efﬂuent
DOC (mg C L1)a 3.5 139.3
DIC (mg C L1)a 0.9 26.1
pHb 5.7 6.0
Turbidity (nephelometric units)b 5.25 3.5
BOD5 (mg O2 L1)b <0.5 105
COD (mg O2 L1)b <3.3 208
Dissolved O2 (mg L1)b 6.52 n.a.
Total chloride (mg L1)b <2.0 216
Total phosphorus (mg L1)b <0.05 0.87
Dissolved Fe (mg L1)b 0.21 n.a.
Nitrate (mg L1)b 0.01 n.a.
Total nitrogen (Kjedahl) (mg L1)b <0.02 61.8
Total dissolved solids (mg L1)b <10 n.a
n.a, not available; BOD5, biochemical oxygen demand after 5 d; COD, chemical
oxygen demand; DOC, dissolved organic carbon; DIC, dissolved inorganic carbon.
a Determined in our laboratory.
b Obtained from the Department of Water and Sewage in Uberlândia (DMAE).
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Regarding the mineralization, it was noted a signiﬁcant
difference in the mineralization rate for the studied matrices
(Fig. 3). In order to quantitatively compare the results, apparent
kinetic parameters (kapp and t1/2) were estimated considering a
pseudo-ﬁrst order model. In view of this, the following sequence
of mineralization rates was obtained: UW at lab-scale
(kapp = 1.42  102 min1, t1/2 = 49 min) > SW at lab-scale
(kapp = 1.04  102 min1, t1/2 = 66 min) > UW at the solar pilot
plant (kapp = 9.86  103 min1, t1/2 = 70 min) > STP efﬂuent at
lab-scale (kapp = 4.41  103 min1, t1/2 = 158 min). As expected,
with a higher initial organic load, the degradation takes longer.
However, for a same time interval a high DOC removal could be ob-
tained. Thus, the high apparent rate constant of mineralization in
UW is due to the lower DOC concentration when compared to
the DOC in SW and STP efﬂuents (Table 1). SW contributes with3.5 mg C L1, which corresponds to a value close to 10% of the ini-
tial DOC content, while STP efﬂuent contributes with 139.3 mg L1,
almost forty times the DOC concentration in SW (Table 1). The dif-
ference of mineralization in a same matrix (UW) can be attributed
to the characteristics of the different reactors used, like as the high
potency of the mercury vapor lamp in the lab-scale reactor, once
the residence time in lab-scale reactor is lower than in solar pilot
plant. However, an increasing in the time of reaction up to
180 min resulted in the same mineralization efﬁciency in both
reactors (Fig. 3). Although a lower mineralization rate has been at-
tained to a high organic load, it is worthy of mention that under the
same operating conditions less H2O2 was required for mineralizing
the DOC as the initial organic load increased (4.82, 3.83 and
2.34 mg H2O2 consumed mg1 DOC mineralized for UW, SW and
STP at lab-scale, respectively, and 6.89 for UW at the solar pilot
plant) (Fig. 3). The higher consumption of H2O2 in the pilot plant
when compared to the lab-scale to obtain the same mineralization
efﬁciency (Fig. 3) can be explained by the occurrence of inefﬁcient
reactions (Eqs. (1), (2) and (6)), and therefore, when the organic
load is low, fewer hydroxyl radicals are required and hydrogen per-
oxide is not used efﬁciently (Fig. 3). No toxicity to A. salina was ob-
served for the initial solution of caffeine (10%), as well as to its
degradation products (5%) in both systems (at lab-scale and solar
pilot plant) (data not shown), demonstrating that the photo-Fen-
ton process can be a safe alternative to the treatment of wastewa-
ter containing this compound.
Fe3þ þH2O2 ! Fe2þ þHþ þHO2 ð6Þ4. Conclusions
The association between experimental design and response sur-
face methodology yielded reliable statistical results for the miner-
alization of caffeine mediated by photo-Fenton process. Predictions
made using response functions are in good agreement with the
experimental results, showing the reliability of the methodology
used. Although a lower rate of caffeine removal and mineralization
of caffeine have been observed in STP samples, the results pre-
sented in this study demonstrate that the photo-Fenton process
can be successfully applied in the degradation of caffeine, even
when present in complex samples such as SW and STP efﬂuents.
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